INTRODUCTION
47 adults are necessarily located on different wing surfaces. In 5 th instars (where it is the ventral 114 hind wing that is exposed) the sensory pathway originates from metathoracic wing hairs and 115 passes to the metathoracic ganglion where the interneurons and motor neurons driving leg 116 movement are located (Matheson, 1997) . In adults, the sensory pathway originates from 117 mesothoracic wing hairs on the exposed dorsal fore wing surface (Page and Matheson, 2004) 118 and passes via the mesothoracic ganglion (Campbell, 1961) and descending connectives to 119 eventually drive the same metathoracic motor networks (Matheson, 2002) . At the imaginal 120 moult locusts must therefore adapt their scratching movements to not only account for 121 allometric elongation of the wing sensory surface, but also for a change from receptors on 122 one surface to those on another. 123
Here we describe the scratching movements of 5 th instar locusts and show that for similar 124 targets they have similar kinematics to those of adults. Both 5 th instar and adult locusts 125 accurately aim their hind limb movements at distal wing tip targets despite the profound 126 developmental changes that occur at the imaginal moult. The compensation for wing 127 allometry and developmental rotation is apparent immediately after the moult, indicating that 128 the animal's internal body image is adjusted by developmental rather than learned 129 mechanisms. 130 surface that is exposed in resting 5 th instars. Both 5 th instar and adult locusts performed 145 scratching movements in response to touches on the exposed wing surfaces or abdomen ( Fig.  146 2). Following stimulation of an anterior target at the base of the wing (yellow squares in Fig.  147 2Ai, Bi), 5 th instars, like adults, moved the distal end of the ipsilateral hind leg towards the 148 target in an anteriorly-directed arc, and performed cyclical movements near to the target 149 (black trajectories in Fig. 2Ai, Bi) . Following stimulation of a posterior target on the tip of 150 the abdomen (black squares in Fig. 2Aii , Bii) 5 th instars, again like adults, moved the distal 151 end of the leg towards the target in posteriorly-directed movements and made cyclical 152 movements near the target (black trajectories in Fig. 2Aii, Bii) . 153
The hind wing tip in 5 th instars is an anterior target and its stimulation elicited anteriorly 154 aimed movements ( Fig. 2Aiii ) which were similar in form to those aimed toward the hind 155 wing base (Fig. 2Ai ). In adults, however, the fore wing tip is a posterior target, and its 156 stimulation elicited movements that were directed posteriorly ( Fig. 2Biii ). They were similar 157 in form to those aimed towards nearby abdomen tip targets ( Fig. 2Bii) . 158
In 5 th instars, tactile stimulation of the normally hidden dorsal fore wing tip (see Methods) 159 elicited anteriorly directed scratches. Of 110 trials in 11 locusts in which the fore wing tip 160 was stimulated, 33 responses were aimed anterior to the midpoint of the abdomen, 19 were 161 aimed anterior to the tip of the abdomen, and none were aimed posterior to the tip of the 162 abdomen. The remaining 58 stimuli did not elicit scratching responses. Touching the dorsal 163 fore wing tip therefore elicits anteriorly directed scratches in 5 th instars but posteriorly 164 directed scratches in adults. 165
Rapid change in behaviour at the imaginal moult 166
The switch from making anteriorly directed to posteriorly directed scratches in response to 167 touch of the wing tip occurs instantaneously following the imaginal moult, and does not 168 require a period of calibration or learning. In 9 of 9 animals observed continuously during 169 moulting, the first touch of the newly expanded adult fore wing tip led immediately to 170 posterior scratches, prior to any other significant hind limb movements, including walking or 171 scratching. During the early part of moulting, animals make small wriggling movements 172 while hanging head downwards to pull themselves out of their old exoskeleton, assisted by 173 gravity. As soon as the adult emerges from the exuvium it rotates to a head up posture and 174 remains essentially motionless while haemolymph is pumped through the wings to expand 175 them, again assisted by gravity. These newly moulted animals responded reliably to tactile 176 stimulation. To confirm that these posterior movements were retained beyond the moulting were restrained immediately following the moult to prevent tibial extension that is required to 179 reach the adult wing tip. On removal of the restraint 20-24h after the moult, all 13 of these 180 animals responded immediately to touch of the adult fore wing tip with posterior scratches. In 181 no case did the initial touch of the adult fore wing tip lead to an anterior scratch. 182
Both 5 th instars and adults aim the distal tibia at wing and distal abdomen 183 targets 184
For movements toward anterior wing base targets in both 5 th instars and adults, two different 185 regions of the hind leg approach the target closely, resulting in a "w" shaped distribution of 186 points of closest approach (Fig. 3Ai, Bi) . Unit 4 at the centre of the femur (see Methods for a 187 description of the division of the leg into analysis 'units') was closest for both 5 th instars and 188 adults (double obelisk [ ‡] in Fig. 3Ai , Bi). A second minimum was centred on unit 18 of the 189 distal tibia (single obelisk [ †] in Fig. 3Ai , Bi). The physical constraints of hind leg movement 190 mean that for the distal tibia or tarsus to reach the anterior targets (wing base and wing tip in 191 5 th instars; wing base in adults), the femur must rotate far anteriorly, itself crossing the target 192 site (see Fig. 7Ci ). The femur typically crossed the target once, and was then held anteriorly 193 for the rest of the movement. In contrast, the distal tibia approached the target several times 194 during the cyclic component of a scratch (Fig. 2) . The local minimum at unit 18 thus reflected 195 the aimed effector (distal tibia) whereas that at unit 4 reflected a mechanical consequence of 196 that aimed movement. In movements toward (posterior) abdomen tip targets in both 5 th 197 instars and adults, units 18 or 19 of the distal tibia most closely approached the target (single 198 obelisks in Fig. 3Aii , Bii). The wing tip is an anterior target in 5 th instars, but a posterior 199 target in adults, and this difference in target position is reflected in the parts of the hind leg 200 that approach the target. In 5 th instars both unit 5 of the femur, and unit 19 of the distal tibia 201 approached the target as described above for wing base targets (double obelisk and single 202 obelisk, respectively in Fig. 3Aiii ). In adults, only unit 23 of the tarsus reached the very 203 posterior position of the wing tip target (single obelisk in Fig. 3Biii ). The distal tibia and 204 tarsus are thus used as effectors during scratching movements in both 5 th instars and adults, 205 for both anterior and posterior targets. 206
Targeting accuracy is similar for all sites 207
The minimal distance from the distal effector point to the target during each trajectory 208 provided a measure of accuracy. For 5 th instars, the mean minimal distance was similar for 209 movements toward the wing base, abdomen tip and wing tip (repeated measures ANOVA, 210 were 5.1 ± 0.8 mm, 5.1 ± 1.4 mm, and 4.3 ± 0.6 mm (mean ± SEM) for wing base, abdomen 212 tip and wing tip targets respectively. 213
For adults, there was weak evidence that mean minimal distance may be different for 214 different targets (repeated measures ANOVA, F2, 10 = 4.167, P = 0.048). There was no 215 evidence for a difference in mean minimal distance for adult wing base and wing tip targets 216 (posthoc two tailed t-test P = 0.537), and only weak evidence for differences between the 217 abdomen tip target and either the wing base target (P = 0.028) or the wing tip target (P = 218 0.036). The mean minimal distances were 7.4 ± 1.7 mm, 3.5 ± 0.7 mm, and 6.2 ± 0.7 mm for 219 wing base, abdomen tip and wing tip targets respectively. 220
There was no evidence for a difference between 5 th instars and adults in mean minimal 221 distance for movements towards wing base targets (one way ANOVA, F1, 10 = 1.498, P = 222 0.249), abdomen tip targets (F1, 10 = 1.242, P = 0.291), or wing tip targets (F1, 10 = 3.815, P = 223 0.079). Overall, there is therefore little evidence for any difference in accuracy between sites 224 or between ages. 225
Initial direction of movement and speed is influenced by target site 226
The first 200 ms of each scratch was used to calculate a movement vector that was used to 227 determine whether movements were target specific from their onset and thus predetermined. 228
For 5 th instars, the initial directions of movement towards all three targets were directed 229 dorsally and anteriorly (yellow, red and black vectors in Fig. 4A ). There was no detectable 230 effect of target position on the initial direction of movement, despite the fact that the 231 abdomen tip target was posterior to the initial tarsus position while the two wing targets were 232 anterior (non-parametric repeated measures ANOVA (Friedman Test): χ 2 2,6 = 0.333, P = 233 0.846). Nevertheless, the movement vectors were all correctly biased towards the appropriate 234 targets (corresponding yellow, red and black squares in Fig. 4A inset) . 235
For adults, initial movements toward wing tip targets (red in Fig. 4B ) were directed more 236 posteriorly than those for either wing base (yellow) or abdomen tip (black) targets ( Fig. 4B ). 237
Target position influenced the initial movement direction (Friedman χ 2 2,6 = 9.000, P = 0.011). 238
There was no evidence for a difference between 5 th instars and adults in initial direction of 239 movement towards wing base targets (yellow in Fig. 4A, B ; Mann-Whitney U = 18, P = 240 1.000), or towards abdomen tip targets (black in Fig. 4A, B ; Mann-Whitney U = 15, P = 241 0.631). The initial movement towards wing tip targets, however, was directed more 242 For both 5 th instars and adults, the initial speeds of movement (vector lengths in Fig. 4A,  245 B) were similar for scratches towards all three targets (Friedman Test, 5 th instars: χ 2 2, 6 = 246 3.000, P > 0.223; adults: χ 2 2, 6 = 4.333, P > 0.115). 247
There was no evidence for a difference between 5 th instars and adults in initial speed of 248 movement towards wing base targets (yellow in Fig. 4A, B ; Mann-Whitney U = 16, P = 249 0.749), or towards abdomen tip targets (black in Fig. 4A, B ; Mann-Whitney U = 15, P = 250 0.631). There was weak evidence, however, that initial movement towards wing tip targets 251 was slower in 5 th instars than in adults (compare red vector lengths in Fig. 4A and B; Mann-252 Whitney U = 5, P = 0.037). Overall these results indicate that movements elicited by touch of 253 wing tip targets are aimed from their outset either anteriorly in 5 th instars or posteriorly in 254 adults, suggesting different pre-determined trajectories. 255
Cyclic component of scratching is influenced by target site 256
Most scratches consisted of an initial outward trajectory followed by several cyclical 'loops' 257 near the target. Relatively few scratches (9.6 ± 1.3 %, mean ± SEM) had no cyclical 258 component ('loops'). There was no difference in number of loops between 5 th instars and 259 adults for movements towards wing base stimuli (χ 2 = 1.201, df = 3, P = 0.867), abdomen tip 260 stimuli (χ 2 = 0.671, df = 3, P < 0.001) or wing tip stimuli (χ 2 = 2.237, df = 3, P = 0.588). 261
The pattern of movement during the cyclic part of scratching was summarised as an 262 effector probability distribution ( Fig. 5 ). Regions of highest probability are darkest in Fig. 5 , 263 and the weighted centre of the distribution ('centre of density') is indicated by a circle (mean 264 ± SEM). 265
In 5 th instars, the probability distributions for movements aimed at targets at the base of 266 the wing or the tip of the wing both formed arcs (shaded regions in Fig. 5Ai , Aiii) that curved 267 from near the start positions (black triangles), dorsally and anteriorly, then ventrally and 268 further anteriorly to near the targets (squares). The mean centres of density yellow and red 269 circles respectively) were dorsal and posterior to the targets in both cases, so that the targets 270 lay near the anterior ventral margin of the probability distributions. The probability 271 distribution for movements aimed at targets at the tip of the abdomen formed a compact 272 distribution over the target site ( Fig. 5Aii ). The centre of density (white circle) was close to 273 the target (white square). 274
Probability distributions for movements aimed at the wing base and abdomen tip in 5 th 275 instars overlapped by 40% but could be reliably distinguished ( Fig. 5Ai -ii), as could those for 276 movements toward wing tip and abdomen tip targets (47% overlap; Fig5Aii-iii). These 277 movement distributions were thus target-specific. Probability distributions for movements 278 aimed at the 5 th instar wing base and wing tip targets (which are separated by only 4 mm) 279 overlapped by 76% and could not be reliably distinguished (Fig. 5Ai , Aiii). The distribution 280 for the more anterior wing base target was nevertheless biased anteriorly compared to that for 281 the more posterior wing tip target ( Fig. 5Aiv ). 282
Target position (wing base, wing tip or abdomen tip) had a strong effect on the anterior-283 posterior (x-axis) location of the centre of density of the probability distribution (Repeated 284
Measures ANOVA F2, 10 = 31.13 P < 0.001). There was no evidence for a difference 285
between the x-axis locations of the centres of density for movements aimed at wing base and 286 wing tip targets (post-hoc P = 0.110). Both were, however, more anterior than the centre of 287 density for movements towards abdomen tip targets (wing base: P = 0.004, wing tip: P = 288 0.004). 289
In adults, the probability distribution for movements aimed at targets on the base of the 290 wing formed an arc that curved from near the start position (black triangle in Fig. 5Bi ), 291 dorsally and anteriorly, then ventrally and further anteriorly to near the target (square). The 292 mean centre of density (circle) was posterior to the target. In adults, the probability 293 distributions for movements aimed at targets at the abdomen tip or wing tip formed compact 294 clusters close to the corresponding target sites (squares in Fig. 5Bii , Biii). The centre of 295 density (circle) was ventral and anterior to the target (square) in movements towards the wing 296 tip ( Fig. 5Biii ), whereas in movements towards targets at the abdomen tip the centre of 297 density overlapped the target site ( Fig. 5Bii ). 298
To test whether movements were target-specific in adults, the overlap between pairs of 299 probability distributions was compared in the same way as for 5 th instars. The probability 300 distributions for movements aimed at wing base and wing tip targets overlapped by only 37% 301 and could be distinguished reliably ( Fig. 5Bi , Biii), as could movements aimed at the wing 302 base or abdomen tip (34% overlap, Fig. 5Bi -ii). Probability distributions for movements 303 aimed at wing tip and abdomen tip targets overlapped by 66% and could not be distinguished 304 reliably ( Fig. 5Bii -iii). The distribution for the more dorsal wing tip target was nevertheless 305
biased dorsally compared to that for the more ventral abdomen tip target ( Fig. 5Biv ). 306
As for 5 th instars, target position had a highly significant effect on the x-axis location of 307 the centre of density (Repeated Measures ANOVA, F2, 10 = 61.05, P < 0.001). In adults, 308 towards either the abdomen tip (post-hoc P = 0.002) or the wing tip (P = 0.001). In contrast 310 movements towards the abdomen tip and wing tip had centres of density in a similar location 311 along the x-axis (P = 1.000). Overall, these results indicate that both 5 th instars and adults 312 accurately aim the cyclical part of their scratching movements at the correct target sites. 313
Comparison of 5 th instar and adult scratching movements 314
For movements towards an anterior target such as the base of the wing, the probability 315 distributions for 5 th instars and adults both had a similar shape and similar centres of density 316 ( Fig. 5Ai , Bi). The adult distribution was less dense because the trajectories covered a larger 317 area (note scale bars in Fig. 5 ). For movements towards a posterior target, such as the tip of 318 the abdomen, the probability distributions for 5 th instars and adults also had similar shapes 319 and centres of density ( Fig. 5Aii , Bii). The location of the wing tip changes from an anterior 320 position in 5 th instar locusts to a posterior position in adults, and this was accompanied by a 321 clear change in the behavioural response. In response to stimulation of the wing tip, 5 th instars 322 made an anteriorly directed movement ( Fig. 5Aiii ) that had a similar shape to the probability 323 distribution for movements aimed at the (anterior) base of the wing (Fig. 5Ai ), whereas adults 324 made a posteriorly directed movement ( Fig. 5Biii ), that had a similar shape to the probability 325 distribution for movements aimed at the (posterior) tip of the abdomen (Fig. 5Bii ). 326
Joint kinematics are similar for corresponding targets in 5 th instars and adults 327
To determine whether 5 th instars and adults use similar patterns of inter-joint coordination to 328 reach anterior or posterior targets, the combined thoraco-coxal + coxo-trochanteral joint angle 329 was plotted against the femoro-tibial joint angle at the closest point of approach to the target 330 reflecting depression of the femur and extension of the tibia at the point of closest approach to the target. Joint angle combinations used to reach the abdomen tip lay on the same curve 342 and were near those used to reach the wing (black circles in Fig. 6A ). 343
For 5 th instars, movements towards the anterior wing base target used joint angle 344 combinations that coincided with those used to reach the same anterior target in adults 345 (yellow circles in Fig. 6B cf. 6A). The combinations of joint angles used to reach the 346 posterior abdomen tip target in 5 th instars similarly coincided with those for the abdomen tip 347 adults (black circles in Fig. 6B cf. 6A). In contrast, the combinations of joint angles for 348 movements aimed towards the wing tip were different in 5 th instars and adults (red circles in 349 are immediately retargeted to appropriate locations, while the characteristic form of the 361 movements remains the same. 362
Fifth instar and adult locusts use the same effector and movement patterns 363
Fifth instar locusts, like adults (Berkowitz and Laurent, 1996, Matheson, 1997a,b; Dürr and 364 Matheson, 2001 ) perform aimed hind leg scratching movements in response to, and 365 accurately aimed at, stimuli on the wings and abdomen. First, both 5 th instars and adults use 366 the distal tibia as the effector. Second, both move the effector at similar speeds for the initial 367 200 ms of movement. Third, both achieve a similar accuracy, as determined by the minimum 368 distance between the effector and the target. Fourth, both use comparable combinations of 369 hind leg joint angles to reach a range of targets. A single movement pattern that can be 370 shifted towards anterior or posterior targets on the wings (Dürr and Matheson, 2001 ) thus 371 appears to be conserved across the imaginal moult. Combinations of joint angles lie on a 372 continuum in joint angle space, allowing the effector to reach anterior targets using joint rotated anteriorly, and the femoro-tibial joint fully flexed), whereas posterior targets are 375 reached using joint angle combinations at the other extreme of the continuum (thoraco-coxal 376 + coxo-trochanteral joints rotated posteriorly, and the femoro-tibial joint extended). Targets 377 between these two extremes are reached by intermediate joint angle combinations in both 5 th 378 instars and adults. We therefore hypothesise that essentially the same central neuronal 379 network, with properties conserved across the imaginal moult, generates scratching in 5 th 380 instars and adults, but that the sensory inputs eliciting the behaviour must be modified. 381
Isometric growth can explain the maintenance of aiming accuracy for targets 382 on the abdomen 383 Isometric growth of the hind legs means that combinations of joint angles used by 5 th instars 384 to reach locations on the abdomen will continue to direct the larger adult hind leg to the same 385 region of the larger adult abdomen. Nevertheless, growth must also lead to changes in muscle 386 mass and strength, leg mass, cuticular properties and joint mechanics (Andersen, 1973 (Andersen, , 1974 387 Norman, 1995), so it remains possible that leg motor patterns used by 5 th instars differ from 388 those used by adults to achieve the same kinematics. 389
Praying mantises use rapid aimed lunges of their fore legs and body to grasp moving prey. 390
Striking distance is precisely estimated by a binocular triangulation mechanism of the visual 391 system (Maldonado and Levin, 1967) , with the longest distance that elicits a strike being 392 related to the length of the fore legs in each developmental stage (Balderrama and 393 Maldonado, 1973) . The growth of the head and the eyes is such that throughout development 394 the fovea registers a stimulus at the maximum catching distance. This triggers a striking 395 movement at a distance that is appropriate for the length of the limbs at each developmental 396 stage (Maldonado et al. 1974) . In an analogous way, as the locust abdominal body wall 397 elongates during development, distal targets on it move posteriorly, but it is likely that little 398 or no remapping of sensory neurons is required, because unchanged patterns of connectivity 399 with motor networks would 'automatically' drive the isometrically larger hind leg to the new 400 target location, at least within the levels of accuracy seen for these movements. Such 401 automatic compensation is not possible for wing tip targets, however, because of allometric 402 wing growth and wing rotation. 403 404 responses to wing tip stimulation 406 Touching the exposed fore-or hind wing tips of 5 th instar locusts elicits anterior movements 407 whereas touching the wing tips of adults elicits posterior movements. We have ruled out the 408 possibility that 5 th instars fail to make posterior movements simply because the receptors are 409 hidden under the (rotated) wing buds: stimulating the normally hidden dorsal fore wing 410 receptors in 5 th instar locusts leads to anterior movements. The central circuits underlying 411 posterior scratching are present in 5 th instars -since distal abdominal stimulation elicits 412 posteriorly directed movements -but they do not produce posterior movements in response 413 to wing tip stimulation until adulthood. 414
Remodelling of sensory inputs may explain changed responses to wing tip 415 stimulation 416
In contrast to the apparently learned ability of adult locusts to spontaneously walk across 417 larger gaps than juveniles (Ben-Nun et al. 2013), appropriately aimed scratching movements 418 did not require prior experience of either stimulation or movement following the adult moult. 419
The most parsimonious explanation of the observed change in aiming is that the adult fore 420 wing develops new tactile hair receptors that drive the existing central motor circuits to 421 produce more posteriorly directed movements than those driven by comparable receptors on 422 the juvenile wing buds. Aimed scratches are elicited by activation of touch sensitive hairs 423 distributed across the wing surface, with a dorsally-directed row on the adult forewing 424 postcubitus vein being particularly efficacious (Page and Matheson, 2004) . The 425 somatosensory representation of the wing surface is unknown for any insect -in part because 426 the afferent neurons appear to have small diameters, yet long axons, which makes staining 427 difficult. It is reasonable to assume, however, that the afferents form a somatotopic map in 428 the local ganglion, as is the case for locust leg and body wall receptors (Newland, 1991; 429 Newland et al. 2000) . We propose that the juvenile wing bud somatosensory map, and its representation of the surface of the cercus depending on both birth date and hair location 436 (Murphey et al. 1980; Murphey, 1981) . The number of wind-sensitive hairs on the head of a progressive development of the flight motor pattern -which they drive -in juveniles and 439 adults (Altman, 1975; Kutsch, 1971 Kutsch, , 1985 . Immobilising the wings at the imaginal moult 440 does not prevent expression of the adult flight motor pattern later in adult life (Altman, 1975) , 441 and the development of the final adult wingbeat frequency does not require flight experience, 442 suggesting that, as for aimed scratching, changes are 'hard-wired' rather than learned. 443
Although the flight motor pattern begins to develop during larval stages, the full adult pattern 444 is not expressed until the day of (following) the imaginal moult. We have shown that 445 although the motor system of 5 th instar locusts can produce posteriorly aimed hind limb 446 movements (e.g. in response to touch of the abdomen), such posterior movements are not 447 elicited by touch of the wings until the adult wings are fully expanded following the imaginal 448 moult, when the new stimulus-response relationship is apparent even on the very first touch 449 of the new sensory surface. Locusts thus possess a mechanism to automatically compensate 450 their aimed limb movements for allometric growth of the wing sensory surface. 451 around their pronotum without obstructing movements of their legs. They were suspended 462 above a foam ball on which they could stand or walk. The tether allowed each animal to 463 adjust its body posture, with the exception of thorax height above the substratum which was 464 set to the height normally maintained by a walking locust. The hind leg was manipulated into 465 a standardised start posture (black triangles in Fig. 7Ai, Bi) by placing the tarsus on a 466 horizontal rod located at 67% of the distance between the anterior rim of the metathoracic 467 coxal joint and the tip of the abdomen . The eyes and ocelli were 468 covered with black acrylic paint (Cryla, Daler-Rowney, Bracknell, UK) to exclude visual suspended 50cm above the animal. To facilitate video based motion tracking, 1 mm diameter 471 discs cut from reflective tape (3M Scotchlite), were attached to the body and the right hind 472 leg with insect glue (Thorne (Beehives) Ltd., UK; Fig. 7Aii, Bii) . Movement of the unguis 473 was ignored. For illustrative purposes tarsal length was standardised to 6.75 mm. See Dürr 474 and for additional details. 475
MATERIALS AND METHODS
Scratching movements of the right hind leg ipsilateral to stimulus sites on a wing were 476 analysed in the following way. The adult fore wing was notionally divided into 5 regions of 477 equal length. The most anterior and posterior of these regions were used as 'wing base' and 478 'wing tip' stimulus sites, respectively, and the posterior fifth of the abdomen was used as a 479 posterior 'abdomen tip' target ( Fig. 7Ai ). For 5 th instar locusts, the wing pad was divided into 480 anterior 'wing base' and posterior 'wing tip' regions ( Fig. 7Bi ). Stimulation was provided by 481 gently touching the wing base, wing tip or abdomen tip with a fine paint brush to elicit 482 scratching behaviour (mean ± SEM stimulus positions are indicated by coloured squares in 483 Fig. 7Ai, Bi) . Wing base, wing tip and abdomen tip stimuli were given randomly until at least 484 10 scratches were recorded for each stimulus site. The main results are based on analyses of 485 793 scratches in 12 locusts. Sample sizes were guided by our published data (e.g. Dürr and 486 . Responses to dorsal fore wing stimulation in 5 th instars 492 Ten female and two male 5 th instar animals were used to examine responses to touch of the 493 normally hidden dorsal fore wing surface. Animals were tethered as described above and 494 their eyes covered with black paint. They walked freely on the ball and the hind leg was not 495 placed onto a standard starting rod. The left hind wing bud and both of the wing buds on the 496 right were ablated using fine scissors, leaving only short stumps of approximately ¼ of the 497 total length of each wing bud. The inner (morphologically dorsal) surface of the remaining 498 intact left fore wing bud was then stimulated with a fine paintbrush. Each animal received 10 499 stimuli at 1 min intervals. All but one female animal responded to at least one stimulus with 500 an aimed scratching movement (mean 3.4 responses per animal, median 3.5 responses per 501 animal). The non-responding animal was omitted from further analysis. The responses were 502 anterior to the midpoint of the abdomen (which corresponds approximately to the tip of the 504 wing bud, see Fig. 1Bi ); Middle, if the femur rotated anteriorly so that the tarsus passed 505 between the tip and the midpoint of the abdomen; and Posterior, if the femur was rotated 506 posteriorly so that the tarsus passed posterior to the tip of the abdomen (as it would for a 507 scratch aimed at the abdomen tip or adult wing tip (see Fig. 1Bi , ii). Trials that elicited no 508 scratching response were scored as None. Each animal was also tested with a touch to the tip 509 of the abdomen, which in all cases led to robust Posterior scratches. 510
Development of aimed movements following the imaginal moult 511
Nine animals were observed moulting from 5 th instar to adult in their normal home cage. A 512 fine paintbrush was used to touch the dorsal distal fore wing tip and other locations on the 513 wings and body. Animals were observed continuously from the point at which the old 514 exoskeleton split, and were stimulated periodically until the wings were fully expanded and 515 rotated into their adult orientation (30-60 min). After emergence from the old exoskeleton, 516 animals hung from a vertical support, head up, while the adult wings first expanded in their 517 juvenile orientations (i.e. with the hind wing outermost, and both wings rotated so that their 518 dorsal surfaces faced the body). During this period animals remained in the same posture 519 with little movement unless disturbed. In a brief movement, animals then rotated and adjusted 520 the expanded wings so that they assumed their normal adult orientations. Responses to all 521 stimulations were recorded. 522 A further 13 animals (6 male, 7 female) were also observed moulting, and had both hind 523 legs restrained within 1 min after emergence from the old exoskeleton -before the animal 524 had a chance to make any aimed scratching movements and before the cuticle had hardened. 525 A loop of 370µm diameter tinned copper wire was passed over the femoro-tibial joint of each 526 fully flexed hind leg to restrain the tibia in the fully flexed position. The limb was free to 527 move at the thoraco-coxal and coxo-trochanteral joints, but the animal could not extend the 528 tibia or make aimed scratching movements. Animals were maintained together for 20-24 h in 529 small holding cages (25 cm L × 15cm W × 20 cm H) in which they could walk, climb and 530 feed. For testing, animals were suspended above a foam ball as described in Kinematic 531 analyses above, with their eyes blacked out. They were not provided with a start rod. The 532 wire loop was cut with fine wire-cutters to free the tibia and then the fore wing tip was 533 immediately stimulated with a fine paintbrush. Responses were observed and recorded as 534 either 'walking/struggling' or as 'anterior', 'middle' or 'posterior' scratches as defined in 535
For kinematic analyses, animals were videotaped using a colour CCD camera (C1380, JVC, 539 Yokohama, Japan) operated at a shutter speed of 1/500 s. The sVHS video signals were 540 combined on a multiviewer (MV-40PS, For-A, Japan) and time stamped using a video timer 541 (VTG-33, For-A, Tokyo, Japan). Images were taped on an sVHS video recorder (HR-S7500, 542 JVC, Yokohama, Japan), displayed on a monitor (PVM-1450MD, Sony, Tokyo, Japan) and 543 Videotrack 2D was used to detect the co-ordinates of the eight markers within each frame 552 that described the animal's body position and leg movement ( Fig. 7 Aii, Bii. See Dürr and 553 Matheson 2003 for a discussion of the accuracy of this method). The line between the 554 markers adjacent to the hind leg coxa and the front leg coxa defined the x-axis of the body-555 centred coordinate frame, with the marker 2 mm in front of thoraco-coxal joint of the hind leg 556 set to the origin (Fig. 7 Aii, Bii). The stimulus location and the start position of the tarsus 557 were digitised on the first frame of each behavioural sequence. For the x-axis comparison of 558 centres of density, the 5 th instar coordinates were scaled by 140%, based on the mean 559 difference in size for six 5 th instar and six adult locusts, and wing base and abdomen tip 560 stimulus locations were aligned by shifting the 5 th instar frame of reference anteriorly by 2.7 561 mm. This standardisation permitted the direct comparison of movement trajectories between 562 5 th instars and adults of different sizes. 563
Data analysis 564
Analysis of individual scratching responses started with the frame before the movement 565 began and ended if the tarsus touched the ground, the tarsus hit the brush, the leg completed 566 three cycles of movement ('loops', see below), or the leg stopped moving for longer than 120 567 ms. The 2-dimensional coordinates of hind leg joints throughout a scratch were output by 568 on request from the corresponding author; Fig. 7Ci,ii) . The position of the hind leg relative to 570 the body is shown as an example for one movement toward a wing base target in a 5 th instar 571 locust (Fig. 7Ci) . The hind leg tarsus moved from the start position (small blue circle) 572 anteriorly and dorsally toward the stimulus position (triangle) on the wing (blue line) driven 573 by anterior rotation of the thoraco-coxal joint and flexion of the femoro-tibial joint. Figure  574 7Cii shows the sequential locations of the femoro-tibial joint (purple), the tibio-tarsal joint 575 (red), and the wing bud tip (blue) for the same movement. Scratch Analysis computed joint 576 angles and angular velocities for all four hind leg joints in each frame of the sequence. 577
Statistical tests were calculated with the Statistical Package for the Social Sciences (SPSS 578 Version 12, SPSS Inc. Chicago, USA). For all data, apart from the density maps described 579 below, means were first calculated for each animal and then averaged across animals and 580 presented together with the standard error of the mean. The outcomes of statistical tests are 581 described using the nuanced terminology recommended by Colquhoun (Colquhoun, 2014; 582 Colquhoun, 2015) : p > 0.1, 'no evidence for a real effect'; 0.05 < p < 0.1, 'very little 583 evidence for a real effect'; 0.01 < p < 0.05, 'weak evidence for a real effect'; 0.001< p < 0.01, 584 'moderate evidence for a real effect'; p < 0.001, 'strong evidence for real effect'. 585
To determine which part of the hind leg was being aimed at the target, the hind leg was 586 divided into 24 'Units' of equal length (see Dürr and Matheson, 2003) and the shortest 587 distance between each Unit and the target during the scratch was calculated. Having 588 determined the point on the leg that on average most effectively reached all 3 target sites, the 589 movement trajectory of this effector point (≈4 mm proximal to the tibio-tarsal joint) was used 590 to define the closest point of approach to the target in each scratch, thus providing a measure 591 of the accuracy of each movement. A mean accuracy was established for each animal for 592 movements towards wing base, wing tip and abdomen targets. 593
Two components of each scratching response were analysed: a short (200 ms) initial 594 vector component (Fig. 7Cii ) and a second cyclic component . 595
The first 200 ms of movement was used to calculate the initial speed and angle of movement 596 of the effector (scaling was not applied to these values). The cyclic component was quantified 597 by first determining the number of movements with 0, 1, 2, or 3 loops for 5 th instars and 598 adults for each target. A loop was defined by both extension and flexion of the femoro-tibial 599 joint, and ended with the transition of the femoro-tibial joint from flexion to extension. The 600 cyclic component was further characterised by calculating a probability distribution of the 601 centre of density of the probability distribution was used as a single measure of the location 603 of the scratch. To distinguish between pairs of movement distributions the probability 604 distributions were treated as empirical likelihood functions, and Bayes' rule was applied to 605 decide which one of the two sites had most likely been stimulated to cause the leg to move 606 across point X during a single video frame (see Dürr and Matheson, 2003 for derivation and 607 details). The likelihood of the probability estimate being wrong for a single observation 608 (frame) was used to determine a critical number of frames required to permit two maps to be 609 distinguished. If the average number of frames of the two maps being compared was more 610 than the critical number of frames needed to distinguish between them, then the two 611 distributions were considered statistically different. In other words, the distributions were 612 considered significantly different if observation of a single scratch of average duration would 613 permit a correct prediction of the observed probability distribution in 95% of cases (see Dürr  614 and . Probability distributions were compared for pairs of target sites to 615 determine: (1) the percentage volume overlap of the two distributions; and (2) the minimum 616 number of observations needed to obtain a 95% chance of making a correct decision (>50% 617 correct single assignments). 618
The point of closest approach was shown in joint angle space for comparison with data 619 from Dürr and Matheson (2003) . Measurements of the thoraco-coxal and the coxo-620 trochanteral joint angles of the hind leg were smoothed with a sliding window having a width 621 of five frames, weighted by binomial coefficients. Measured values of each dimension and summed total hind leg length (coxa + femur + tibia), 749 for six 5 th instars and six different adults. Fore wing length increased disproportionately more 750 than total hind leg length. See Table 1 by asterisks (significant) or 'ns' (not significant). For 5 th instars, the movement distribution 795 for wing base targets (Ai) was biased anteriorly compared to that for wing tip targets (Aiii), 796 as emphasised by the colour coded distribution of differences in probability (Aiv, red shading 797 indicates areas where probability is higher for wing tip targets, yellow for wing base targets). 798
Similarly, for adults the movement distribution for abdomen tip targets (Bii, black coding in 799 Biv) was biased ventrally compared to that for wing tip targets (Biii, red coding in Biv). The igure 4. Initial movement trajectories of scratches elicited by touch of wing tip sites differ in 5 th instars and adults. The initial movement vector (direction and speed) of the distal tibia was measured over the first 200 ms for movements in 5 th instars (A) and adults (B), in response to touches at wing base (yellow), wing tip (red) and abdomen tip (black) targets. The median direction is indicated by the angle of each thick line, and the interquartile range is indicated by the length of the perpendicular thin curved error bars. The median speed is indicated by the length of each thick line and the interquartile range by corresponding thin error bars. The 'ideal' vector angle for each target is indicated by a colour-coded circle on the perimeter of the polar plot. The start and target locations are also indicated in the inset diagrams of 5 th instar and adult locusts. Movements toward wing tip targets were directed more posteriorly in adults than in 5 th instars. Speed was similar for 5 th instars and adults for movements towards wing base and abdomen tip, but different for movements towards wing tip. 
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Probability density difference (x 10 -3 ) per mm 2 Figure 5 . The cyclical components of scratches elicited by touch of wing tip sites differ in 5 th instars and adults. Grey scale probability distributions indicate the likelihood with which a particular point in the workspace was crossed by the distal tibia for 5 th instars (Ai-iv) and adults (Bi-iv), during movements elicited by touches at wing base (Ai, Bi), abdomen tip (Aii, Bii) and wing tip (Aiii, Biii) targets (colour coded squares). The start locations are indicated by black triangles (mean + SEM, most error bars within the symbol). The centre of density of each probability distribution is represented by a colour coded circle (mean ± SEM, errors bars for adults lie within the symbols). The overlap between pairs of distributions (double-headed arrows) is indicated by percentage values, and the significance (see Methods) by asterisks (significant) or 'ns' (not significant). For 5 th instars, the movement distribution for wing base targets (Ai) was biased anteriorly compared to that for wing tip targets (Aiii), as emphasised by the colour coded distribution of differences in probability (Aiv, red shading indicates areas where probability is higher for wing tip targets, yellow for wing base targets). Similarly, for adults the movement distribution for abdomen tip targets (Bii, black coding in Biv) was biased ventrally compared to that for wing tip targets (Biii, red coding in Biv). The number of scratches (from six 5 th instars and six adults) comprising each distribution in Ai-Biii are: 5 th instar wing base, n = 93; abdomen tip, 84; wing tip, 86; adult wing base, 83; abdomen tip, 80; wing tip, 79. The 'number of frames required' / 'mean number of frames' (see Methods) for each comparison indicated by double headed arrows is: 5 th instar wing base vs abdomen tip, 15 / 37; wing base vs wing tip, 223 / 49; abdomen tip vs wing tip, 23 / 36; adult wing base vs abdomen tip, 11 / 42; wing base vs wing tip, 11 / 49; abdomen tip vs wing tip, 107 / 37. Superimposed on these are the mean values for the six adult (A) and six 5 th instar (B) locusts in the present study. The start (triangles) and target (squares) locations are colour coded in the inset diagrams of 5 th instar and adult locusts. For both 5 th instar and adult locusts, hind leg joint angles at the closest point of approach to each target fall on a continuum. In this joint angle space, movements to wing tip targets (red) lie near wing base targets (yellow) for 5 th instars (B), but near abdomen tip targets (black) for adults (A). . Squares indicate mean stimulus locations on the wing base (yellow), wing tip (red) or abdomen tip (black). Errors (± SEM) lie within the symbol for all targets (N = 6 5 th instars and 6 adults). The hind leg tarsus was placed on a rod at a single start position (black triangle, mean ± SEM). The body-centred coordinate frame of reference had its origin on the anterior rim of the hind leg coxa for adults (black axes in Ai) and was shifted so that wing base and abdomen tip stimuli in 5 th instars were aligned with those of the adults (broken lines). Movements were tracked using reflective markers placed on the body and limbs (black circles in Aii, Bii) and fitted with a body model (black lines joining circles in Aii, Bii). For a single scratch it was thus possible to visualise in each video frame the locations of the hind leg segments (Ci, red lines) and wing midline (blue line) relative to the thoracic frame of reference (short black lines). The abdomen (long black line, partly obscured) was marked in the first frame of each sequence only, but did not move during a scratch. The trajectories (Cii) of the hind leg tibio-tarsal joint (red dots and line) and femoro-tibial joint (purple dots and line) are shown for a wing base stimulus (open triangle) in a 5 th instar locust. Grey lines show the tarsus position in each frame (20 ms between frames), and the blue line indicates the initial movement vector for the first 200 ms of movement.
